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Wire bonding is the process of forming electrical connection between the integrated 
circuit (IC) and its structural package. ICs made of material with low dielectric constant 
(low-k) and ultra low-k are porous in nature, and are prone to fracture induced failure 
during packaging process. In recent years, there is increasing interest in copper wire bond 
technology as an alternative to gold wire bond in microelectronic devices due to its 
superior electrical performance and low cost. Copper wires are also approximately 25% 
more conductive than Au wires aiding in better heat dissipation. At present, validated 
constitutive models for the strain rate and temperature dependent behavior of Cu free-air 
ball (FAB) appear to be largely missing in the literature. The lack of reliable constitutive 
models for the Cu FAB has hampered the modeling of the wire bonding process and the 
ability to assess risk of fracture in ultra low-k dielectric stacks. The challenge to FAB 
characterization is primarily due to the difficulty in performing mechanical tests on 
spherical FAB of micrometers in size. To address this challenge, compression tests are 
performed on FAB using custom-built microscale tester in the current study. Specifically, 
the tester has three closed-loop controlled linear stages with submicron resolution, a 
manual tilt stage, a six-axis load cell with sub-Newton load resolution for eliminating 
misalignment, a milliNewton resolution load cell for compression load measurement, a 
capacitance sensor to estimate sample deformation and to control the vertical stage in 
closed loop, a high working depth camera for viewing the sample deformation, and 
controllers for the stages implemented in the LabVIEW environment. FAB is compressed 






through an inverse modeling procedure. In the inverse procedure, appropriate constitutive 
model parameter values are iterated through an automated optimization workflow, until 
the load-displacement response matches the experimentally observed response. Using the 
material properties obtained from the experiment, a “macroscale” finite element model 
for the impact and ulatrasonic vibration stages of wire bonding process is constructed to 
simulate (a) Plastic deformation of the Cu FAB at different time steps (b) Evolution of 
contact pressure (c) Phenomenon such as pad splash and lift-off. The deformations from 
the macroscale model are provided as input to a microscale model of the dielectric with 
copper vias as well as line-type heterogeneities. The microscale model is used to identify 
potential crack nucleation sites as well as the crack path within the ILD stack during wire 
bonding. The modeling provides insight into the relative amounts of damage accumulated 
during the impact and the ultrasonic excitation stages.   
In general, Bonding over Active Circuit (BOAC) has made wire bonding a 
considerable challenge due to the brittleness of the dielectric. Identifying and locating 
microscale fractures beneath the bond pads during wire bonding require extensive sample 
preparation and investigation for microscopic characterization. While simulations of 
fracture are an attractive alternative to trial and error microscopic characterization, the 
length scale of components involved in wire bonding varies from millimeters to 
nanometers. Therefore, constructing a finite element mesh across the model is 
computationally costly. Also, a multi-scale simulation framework is necessary. Such a 
modeling framework is also developed in this work to predict crack nucleation and 






CHAPTER 1. INTRODUCTION 
1.1 Wire Bonding 
Electronic packaging refers to the process of enclosing electronic components in a 
protective framework that prevents them from damage. The packaging not only acts as a 
structural framework that allows the ICs to be integrated into a single assembly, but could 
also play a role in forming electrical connection between individual electronic 
components.  
After the silicon wafer is fabricated, it is diced into individual chips or dies using a 
diamond saw. The IC chip is then mounted on to a substrate using a suitable die attach 
material and is then cured. Then follows wire bonding [1,2], the process of forming an 
electrical connection between the die and the metallic lead frame of the electronic 
package. An IC along with its package is shown in Figure 1-1 
 
 
Figure 1-1. Schematic representation of an IC wire bonded to the package. 
 
Approximately 87% [3] of the connections in micro-electronic devices are realized by 





to the bond pad and then to lead finger on the packaging side. Wire bonding consists of 
two stages:  
 Thermosonic ball bonding 
 Ultrasonic wedge bonding 
In thermosonic ball bonding, high pressure, high temperature and vibration energy are 
used to accomplish wire bonding. An ultrasonic wedge bonding is carried out at room 
temperature with high ultrasonic energy and pressure. A step wise outline of the ball 
bonding process follows [4] :  
(i) An unprocessed wire is threaded through the capillary and the length of the 
unprocessed wire beneath the capillary determines the size of the Free-Air Ball 
(FAB).  
(ii) A very high voltage is discharged through electrodes, thereby melting the wire 
and forming the FAB. This is the process of ‘electronic flame-off’.  
(iii) Formation of the first bond occurs by the downward motion of the capillary. 
The FAB is collapsed on the pad with a vertical impact force and then is bonded 
to the pad using an ultrasonic vibration for a period of time. The bonding occurs 
due to formation of interface between the wire material and the bond pad 
(Figure 1-4), mainly due to the plastic deformation and slip between the two 
materials. There is a risk of fracture of the underlying dielectrics during this 
process.  
(iv) The Capillary then raises, forms a loop and then descends on to the substrate, 
completing the second bond on the substrate. The wire is cut off and the process 
is then repeated in cycles.  
 
As the devices and dies get smaller, economizing the space between the bonds on the 
pads becomes important. The bond pad pitch (BPP) has shrunk to a mere 35 µm in ultra-
fine pitch wire bonding. In order to achieve a finer wire pitch, a thorough understanding 






Figure 1-2. (a) Wire is threaded through capillary and FAB is formed through electronic 
flame-off (b) FAB is positioned above bond pad and downward motion of the capillary 
begins (c) Formation of the first bond on pad (d) Capillary rises (e) Loop formation (f) 
Positioning over the lead frame (g) wedge bond formation on the lead frame (g) Wire tail 
is formed and the cycle repeats [5]. 
 
1.2 Materials in Wire Bonding 
Some of the desired qualities of the material of the wire in bonding process are high 
electrical conductivity, high tensile strength, malleability and high current carrying 
capability, to name a few. A 99.99% pure Au is a popular material of choice because of 
high electrical conductivity, low corrosiveness, and high strength [4]. Aluminum may 
also serve as a potential bonding material, but due to the complexity of equipment and 
tooling required to perform Al ball boding under ambient conditions, it is not used 
currently. However, due to better thermal and electrical conductivity, mechanical 





higher mechanical strength [6]. Properties of Au, Al and Cu are presented in comparison 
through the Table 1-1 and Figure 1-1 that follow.  
 
Table 1-1. Comparison of Au, Cu and Al properties [7]. 
Property Units Gold Copper Aluminum 
Melting Point °C 1063 1083 660 
Specific Heat (20°C)  J/mol-K 25.4 24.4 24.2 
Heat of Fusion KJ/mol 12.55 13.05 10.71 
Thermal Conductivity W/m-K 311 394 222 
Electrical Resistance 10-8 Ohm-m 2.2 1.7 2.8 
CTE ppm/K 14.2 16.5 23.1 
 
 
Figure 1-3. Comparison of breaking load between Cu, Al and Au wires of different 






From Table 1-1 [7], it can be observed that Cu has 25% higher thermal conductivity 
and 30% lower resistance than Au. In terms of ultimate tensile strength, it is 40% percent 
better than Au, and thus requires higher force for bonding on to the bond pad. Higher 
bond force in turn increases the risk of fracture in the underlying dielectric layers.  
 
1.3 Risk of Fracture in Interlayer Dielectric  
Interlayer Dielectric (ILD) fracture is the phenomenon where circuit failure occurs 
due to the damage of the underlying dielectric, and is an important reliability 
consideration. Material with low dielectric constant, referred to as low-k and ultra low-k 
(ULK) dielectric are expected to remain in gold or copper wire bonded packages [9]. 
There is a need to place bond pads over active circuitry which is a significant reliability 
challenge in low-k and ULK dies [10]. 
 
 
Figure 1-4. Cu bond formation over Al pad shown along with intermetallic compound 
formation and crack [11]. 
 
The main issue with ILD cracking is that it might not be possible to detect it through 
visual inspection, since it mostly occurs beneath the bond pad and is only deduced during 
reliability testing. Though many factors can be attributed to cracking and influence each 
other in complicated and adverse manner, bonding impact force, ultrasonic excitation 





play an important role. The bonding temperature might reach up to 250 °C and such 
temperatures further degrade the mechanical properties of the materials involved. Since 
Cu is stiffer than Au, it requires higher bonding force and ultrasonic excitation for 
bonding. Thus, the risks of ILD cracking are higher in Cu wire bonding process.  
 
 
Figure 1-5. Interlayer dielectric fracture due to wire bonding. Shown are the stacks with 
active circuit , which are few micrometers in scale [12]. 
 
1.4 Need for Cu FAB Characterization 
FAB are formed by the process of 'Electronic Flame-off’ (EFO), where an electrical 
discharge is used to melt the tip of the unprocessed wire into spherical shape. Due to 
recrystallization that occurs during the process, the properties of the FAB are 
significantly different and are softer than the Cu wire [13]. Thus, data from tensile tests 
performed on the unprocessed wire are not suitable to form constitutive models to 






Figure 1-6. Grain reorientation due to electronic flame-off [14]. 
 
 
Figure 1-7. Grain orientation study at 1.2 mil under different EFO currents [15] (a) 20 





Though studies exist relating the parameters of EFO to the shape and size of FAB 
[15], validated constitutive models for behavior of Cu FAB appear to be largely missing 
in the literature, save for reference [13]. But, this study does not provide the temperature 
and strain-rate dependent behavior of Cu FAB, which are important taking into 
consideration the high rate, high temperature environment during the wire bonding 
process. The lack of reliable constitutive models for the Cu FAB has hampered the 
modeling of the wire bonding process and the ability to assess risk of fracture in ULK 
dielectric stacks. Thus, experimental characterization of Cu FAB is necessary to extract 
temperature and rate dependent constitutive model parameters. 
 
1.5 Challenges in Experimental Characterization of FAB 
Although nano-indentation tests are common for micron scale objects such as the 
FAB, the hardness values are by themselves of relatively little use in modeling wire 
bonding process or in assessing the risk of fracture in chip dielectric stacks. There are two 
main difficulties in characterizing the FAB. The first is related to its spherical shape 
which makes it difficult to obtain stress-strain behavior directly from standard 
compression tests.  The second is the microscale diameter, which necessitates the 
construction of a custom-microtester, combining equipment with capabilities of interest.  
 
1.6 Research Objective 
In this work, the experimental characterization of Cu FAB, 25 microns in diameter is 
presented at low and intermediate strain rates (0.001s-1-4s-1). A custom microscale tester 
was constructed to enable the testing of the FAB under low and intermediate strain rate 
conditions. Specifically, the tester has three linear stages with submicron resolutions, a 
manual tilt stage, a six-axis load cell with sub-Newton load resolution for eliminating 
misalignment, a milliNewton resolution single-axis load cell, a capacitance sensor to 
estimate sample deformation and to control the vertical stage in closed loop, a high 
working depth lens for viewing the sample deformation, and controllers for the stages 
implemented in the LabVIEW environment [16]. The FAB is compressed between 





through an inverse modeling procedure. In the inverse procedure, the constitutive model 
parameter values are iterated using an automated optimization procedure, until the finite 
element load-displacement response matches the experimentally observed response. 
 
 
Figure 1-8. 25 µm FAB attached to the lead frame. 
 
Elastic and elasto-plastic contact theories such as Hertz model, Tatara model and 
Thornton model are applied to understand the force-displacement (P-δ) behavior. An 
analytic approach is then enforced to derive the strain-hardening index using a Ramberg-
Osgood type stress-strain relationship in the contact theories. To have 'unified' 
constitutive model parameters to explain the behavior at all strain rates and temperature, 
viscoplastic constitutive model (Anand's Model) parameters are obtained through inverse 
finite element modeling. The model parameters are iterated through an optimization 
algorithm until the obtained P-δ response matches with the experimental response 
obtained at both low and intermediate strain rates. A “macroscale” finite element model 
for the impact and ultrasonic vibration stages of wire bonding process was constructed to 
simulate the plastic deformation of the Cu FAB at different time steps and study the 







Figure 1-9. A multi-scale modeling approach as adopted by [15,16]. A ‘global’ wire 
bonding model is constructed using FEM approach, which provides boundary conditions 
for a ‘local’ isogeometric model which predicts crack nucleation. 
 
The macroscale model results provide boundary conditions for a “microscale” model 
of the ILD stack built using a sophisticated “isogeometric” fracture modeling tool [18]. 
The microscale model is used to identify potential crack nucleation sites as well as the 
crack path within the ILD stack during wire bonding. The modeling also provides insight 
into the relative amounts of damage accumulated during the impact and the ultrasonic 







CHAPTER 2.  EXPERIMENTAL APPARATUS FOR MATERIAL 
CHARACTERIZATION 
2.1 Overview 
In this chapter, the need for a custom built microscale tester is discussed citing the 
inadequacy of the existing universal testers for characterizing the FAB. A microscale 
tester constructed to perform compression tests on the Cu FAB is described. The rationale 
for each component in the tester is then discussed, along with the LabVIEW program 
used to control the experimental environment. Uniaxial compression tests are then carried 
out on a known material at different temperatures, and the material properties obtained as 
result are validated against known values. The repeatability of results and accuracy of the 
microtester are also established. 
 
2.2 Need for a Custom Tester 
The components tested in the realm of electronic packaging are often few microns in 
size and often tend to exhibit a rate-dependent behavior. Also, to obtain sufficient data 
points to characterize a micron-sized object, the crosshead of the tester needs sufficient 
resolution. Further, a feedback loop is necessary in order to control proper motion of the 
crossheads at micron scale [19]. The material of the compressing punch must be 
significantly stiffer than the tested material. Furthermore, the surface finish must be 
sufficiently smooth, matching the scale of the specimen to ensure reliable test data. 
Ensuring parallelism between the faces of the punches is also a challenge, since 
extraneous loading must be eradicated in directions other than compression. Testing at 
such a scale also necessitates that the test be observed under high working depth 






find, and thus there is a need to construct an experimental apparatus with the mentioned 
abilities.  
 
2.3 Hardware Components 
The FAB is compressed between the faces of two punches as shown in Figure 2-2. 
Four materials of choice, steel, tungsten, tungsten carbide and titanium were compared 
based on the depth of indentation which a copper sphere of radius 25 µm would cause on 
a plane surface, assuming Hertz contact under a force of compression 0.1 N. Having the 
least depth of indentation, tungsten carbide was chosen as the punch material. In order to 
minimize frictional effects, the surface finishing operations were performed using 
diamond paste and colloidal silica to obtain a finish of 1 µm.  
 
Table 2-1. Calculations on radius of contact of FAB and depth of indentation on the 
punch for different punch material. Tungsten carbide has the least depth of indentation. 
Punch Material Radius of contact(m) Depth of indentation(m) 
Steel 2.20685E-06 3.90E-07 
Tungsten 2.05628E-06 3.38E-07 
Titanium 2.41587E-06 4.67E-07 
Tungsten carbide 2.01397E-06 3.24E-07 
 
 
Figure 2-1. (a) Surface of the tungsten carbide punch before surface finish operations (b) 
Surface of the tungsten carbide punch after surface finish operations with diamond paste 








Figure 2-2. (a) Schematic of a FAB positioned between the faces of the tungsten carbide 
punches (b) Compression test on the FAB between the punches viewed through a high 
working depth lens. 
 
The lower punch is attached through interference fit to a cylindrical steel block of a 
larger diameter to prevent extraneous moments. This in turn is seated on a steel plate with 
fine surface finish, which is attached to a six-axis load cell. The load cell has a resolution 
of 50 mN along the axis of compression. The force resolution along the other axes is 20 
mN, and the torque resolution along all the axes are 0.00015 Nm. The purpose of this 
load cell, hereafter referred to as load cell-1, is to measure extraneous loading which may 
arise due to misalignments. 
Load cell-1 is seated on a tilt stage with resolution 2 arcseconds. This stage can 
withstand a load of 66 N, and has a range of ±4 ° tilt along all the axes. Its function is to 
maintain parallelism between the faces of the tungsten carbide punches. The tilt stage is 
mounted on linear stage of resolution 0.1 µm. Two such linear stages are mounted 
perpendicular to each other, effecting motions in the X and Y axes, aiding in the precise 
placement of the FAB under the top punch.  
The upper tungsten carbide punch is attached to another load cell, hereafter referred 
to as load cell-2, of resolution 0.2 mN. The purpose of this load cell is to measure the 







0.03 µm, hereafter referred to as Z-stage. The resolution enables compressing the FAB of 
25 µm diameter with sufficient displacement increments to characterize the material. 
Attached to the Z-stage is a capacitance sensor with 0.008 µm resolution and a short 
range of 200 µm, and has two purposes. First, it provides a finer resolution in the 
displacement values, in between two discrete values of crosshead displacement readings. 
Second, it provides a closed-loop feedback to the PID controller in the LabVIEW 
program, which helps maintain the displacement rate of the crosshead a constant, 
irrespective of the load acting on it. The capacitance sensor outputs a voltage, which is 
converted into a displacement value based on a calibration factor. The calibration factor 
is obtained through the crosshead motion of the Z-stage when it is not under the influence 
of external loads. The compression tests are visualized with the aid of a 2-14X high depth 
lens (Figure 2-2(b)) and are recorded with a camera.  
A thermoelectric Peltier device was later incorporated into the experimental set up 
between the support block and the base plate as shown in the Figure 2-4. The Peltier 
device was connected to the controlled power source and the purpose of this device was 
to control the temperature of the experimental environment. Temperatures up to 373 K 
were reached at the surface of the tungsten carbide punch using the peltier. Since the 
thermal mass of the FAB is negligible, the surface of the punch and the FAB were 
assumed to be at the same temperature. The Peltier uses thermoelectric heating effect, 
and only a single surface of the Peltier is heated by passing an electric current. The 
temperature at the surface of the bottom punch was monitored by a non-contact, off the 
shelf thermometer.   
With the components described above, the issues of irregular crosshead motion, 
uniform loading in a single direction, appropriate surface finish for the punches, 
parallelism between the punches, possibility of tests at high-strain rates and visualization 







Figure 2-3. Experimental apparatus with three linear stages, one tilt stage, a capacitive 
stage with controller and two load cells. The FAB is compressed between the faces of the 















Figure 2-5. Experimental environment controlled by a LabVIEW program. Tests on FAB 
are viewed under a high-depth lens camera system. 
 
2.4 Control Software 
Since individual driver software for each component of the experimental apparatus 
was available under LabVIEW environment, LabVIEW was chosen as the software for 
experimental control. The control program as discussed in reference [19] was 
implemented. The front panel of the software has the following sub-panels (a) a manual 
adjustment to control the position of the linear stages (b) numerical display of the sensor 
readings (c) graphical display of the sensor readings (c) controls for monotonic test 







Figure 2-6. Software control interface for the experimental environment. Manual stages 
allow moving the stages to desired position before the tests. Test control specifies the 
monotonic test parameters. Specimen protect stops the loading when specified load 
thresholds are crossed. Numerical sensor output displays the sensor readings and 
graphical output plots them against each other. 
 
The manual adjustment helps to 'jog' the X, Y and Z stages with a specified velocity, 
helping in the initial adjustments of the bottom punch, to position of FAB under the top 
punch. The test readings from load cell 1 and 2, crosshead readings from the three stages, 
readings from the capacitance sensor are displayed in the numerical display panel. These 
outputs are recorded in a text file at regular intervals during the test. The graphical 
display helps plotting the sensor readings versus each other. The uniform displacement 
rate and the PID values are provided as an input in the monotonic test controller. The PID 
controller takes input from the capacitive sensor, calculates the error between the applied 
and actual displacement rate and minimizes the error. The specimen protect enables to 







2.5 Validation Tests 
Compression tests were carried out on a cylindrical sample of Teflon PTFE, 1/8th of 
an inch in diameter and 2 mm in length, measuring its Young's modulus (E) at two 
different temperatures to validate the tester. For the purpose of validation, the values 
obtained from result are compared against the standard values supplied from the 
manufacturer's handbook. The tests were carried on two samples at 300 K and 373 K, at a 
constant rate of 0.1 mm/min.  
In compression tests, the load train of the tester in itself is bound to have some 
compliance which influences the test results. In this case, the upper tungsten carbide 
punch will have a deformation of its own under the influence of the compression load. 
Thus, proper compliance correction measures must be applied in order to obtain the 
sample deformation.  
 
total machine sample
      (1) 
The sample and the load train are treated as springs in series. The machine 
compliance is obtained by conducting compression tests without the sample, and is 
subtracted from the total compliance from the tests on the sample. The stress-strain 
curves obtained for Teflon PTFE after such corrective measures are shown in Figure 2-7. 
The modulus values at room temperature differ from the manufacturer supplied value 
by 2% and 8% for the first and second sample respectively. The modulus values at 373 K 
vary from the standard value by 13% and 5% for the first and second sample.The values 
are found to be in agreement with the standard values. It has also been established that 







Figure 2-7. Stress vs Strain curves for Teflon PTFE tested at two different temperatures 
(300 K and 373 K) Two samples were tested at each temperature. Repeatability and the 
accuracy of tests are validated. 
 
In summary, a microtester has been developed with a sub-micron resolution for 
displacement along all the axes, a capacitance stage with a sensor of sufficient resolution 
to measure such displacements, load cells with milliNewton resolution and tilt stage to 
ensure parallel faces of the punch. The test procedure could be viewed through a high 
depth lens system and recorded with the help of a camera. The the repeatability of results 







CHAPTER 3. EXPERIMENTAL RESULTS 
3.1 Overview 
In this chapter, the experimental results of the compression tests on the FAB are 
presented. Three FAB samples were tested at room temperature at different strain rates 
and the force-displacement behavior was studied to observe the strain hardening effects. 
Then, the strain rate was maintained a constant and the effect of increasing temperature 
was studied.  
 
3.2 Rate Dependent Behavior 
Understanding strain rate and temperature dependent behavior of the FAB is 
particularly of interest, given the dynamic and high temperature nature of the wire 
bonding process. Rate dependent behavior in FCC metals such as copper has been 
documented by multiple researchers. Kocks and Follansbee [20], explored the 
axisymmetric behavior of Cu from strain rates 10-4 s -1 to 104 s -1 and have proposed that 
the athermal dislocation effect or stage-II hardening effect are quite significant at high 
strain rates. Resistance to plastic deformation has also been noted to increase as the strain 
rate is increased [21]. Temperature is another factor playing a big role in dislocation 
dynamics of such material. Bordner and Merzer [22] have made viscoplastic constitutive 
equations for copper with a single internal variable, taking into account a range of strain-
rates and temperatures. The wire bonding process could occur at temperatures over 
250 °C, thus the effects of temperature on the mechanical strength of the FAB are an 
important aspect of study 
The behavior of the FAB was studied in the low and intermediate strain-rate (0.001 s -
1 - 4 s -1), and at different temperatures (300 K -373K). Because of the spherical shape of 






stress-strain data directly from the compression tests. Thus, the force-displacement (P-δ) 
behavior were obtained at different strain-rates, elastic and elasto-plastic contact laws 
were applied to verify if they explain the experimental behavior (Chapter 4). The P-δ 
plots at different rate, along with the polynomial curves of fit are shown in Figure 3-1. 
 
 
Figure 3-1. P-δ response of FAB under low and intermediate rates at room temperature. 
At higher rate, the force required to produce the same strain is higher. 
 
Three FAB were tested at each rate to study the repeatability of results. It can be 
observed from the experiments that for a higher strain rate, larger forces are required to 
produce the same amount of strain. In other words, there is strain hardening effect, which 






3.3 Temperature Dependent Behavior 
To study the dependence of the constitutive model parameters on temperature, the 
rate was maintained a constant (0.1 mm/min) and temperature was changed from 300 K 
to 373 K. The experimental P-δ plot along with the polynomial fit curves are shown in 
Figure 3-2. Two FAB were tested at each temperature to study the effect of temperature. 
It was noticed that with increasing temperature, the force required to produce the same 
amount of strain, at the same strain rate, was lower. Thus, temperature decreases the 
stiffness of the FAB.  
 
 
Figure 3-2. Compression tests on FAB at different temperature at a constant rate of 
0.1mm/min. As the temperature increases, the force required to produce the same amount 
of strain in the FAB reduces. 
 
In summary, the strain-dependent behavior of the Cu FAB was studied at low and 






strain hardening trend was observed. To study the effect of temperature, the strain rate 
was then maintained constant, and multiple FAB were tested from 300 K to 373 K. At 
higher temperature, the force required to produce the same amount of strain was lower. In 
the subsequent chapter, properties of copper are used to study elastic and elasto-plastic 








CHAPTER 4. HERTZ CONTACT THEORIES AND EXTENSIONS 
4.1 Overview 
A short review of the elastic and elasto-plastic contact theories are presented in 
this chapter and are applied to the experimental plots to study if they fit the observed 
response.  An analytical attempt is then made to understand the strain hardening 
effect by using a Ramberg-Osgood type stress-strain relationship and the strain 
hardening index is derived 
 
4.2 Elastic Deformation-Hertz Model 
While compressing the comparatively softer Cu FAB with a stiff and flat surfaced 
punch, the contact area is assumed circular under elastic limits. In most contact 
theories, the procedure to arrive at the P-δ relations is similar. The normal contact 
pressure, which of an assumed form, is integrated to obtain a relation between force 
and the contact radius. Then, through assumptions of elastic half space and mutual 
approach of distant points, a relation between displacement and contact radius is 
established. The contact radius is then eliminated between both equations, 
establishing a relation between force and displacement [23]. 
The pressure on a circular region is of the form [23] 
  2 20( ) 1 ,0 a
n
rp r p r
a
      (2) 
Where, n=1 for uniform pressure, n =-0.5 for uniform displacement and n=0.5 for 








P p r rdr p a     (3) 
Where a is the contact radius and 0p  is the maximum pressure at the center of the 
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   (4) 
Through theory of mutual approach of distant points, the normal displacement and the 










  (5) 
Equating the displacements  
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  (6) 
Where R is the radius of the spherical FAB. Equating the coefficients and substituting 
for contact radius, we arrive at the relationship between force and deformation.  
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2
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  (7) 
Predicted P-δ response by Hertz model, while using modulus and poison ratio for 
copper, is shown along with one set of experimentally observed values for different 
rates in Figure 4-4. The forces predicted by the elastic model are significantly higher 
than the experimentally observed values. It could be attributed to the fact that Hertz 
theory could be applied only to small strains, where the contact radius is 
comparatively much smaller than the radius of the sphere. 
 
 
Figure 4-1. Hertz model for small deformation. A half-sphere undergoing a 







4.3 Large Elastic Deformation-Tatara Model 
To investigate the effects of large deformation taking into account the lateral 
deformation of a rubber sphere, Tatara [24] proposed a set of five nonlinear equations 
relating the approach (  ), radii of contact (a'), the vertical position (z), the lateral 
extension of the contact area U(z,a)  and the radius of contact without lateral 
extension  (a). It has been noted that for a sphere of radius 10 mm, Young's modulus 
of 1.2 MPa and poison's ratio of 0.48, Tatara's model was able to provide a close 
correlation towards experimental data till a load of 5000 N, whereas Hertz theory was 
only applicable till 50 N [25]. 
The radius of contact, taking into account the lateral expansion of sphere is given by  
 ' (z,a)a a U    (8) 
 
 
Figure 4-2. Sphere compressed by rigid punch. Adopted from Tatara model [24] 
 
The relation between vertical position and contact radius without taking into effect 
the lateral extension  
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The preceding five non-linear equations [24] are solved using fsolve in MATLAB 
for each load. Though Tatara's theory predicts a realistic contact radius at higher loads, 
the forces predicted by the model coincide with the ones predicted by Hertz model. 
The P-δ response predicted by this model is shown along with the experimentally 
observed values in Figure 4-4.  
 
4.4 Elasto-Plastic Deformation 
As the contact force increases, the stresses in the Cu FAB eventually reach the 
point of yielding. Thornton [26] suggested that the contact pressure distribution 
follows Hertz law until the critical limit, beyond which the onset of plastic yielding 
occurs and the pressure distribution follows a truncated pattern. Johnson [23] arrived 
at the critical load and displacement at which this occurs using Von Mises criteria. He 
calculated the critical pressure at which this happens as 1.6Y, where Y is the yield 
strength of the material. The corresponding critical displacement and force given by 




























   (14) 
The values of critical force and displacement were calculated to be 7.6x10-9 mm 
and 1.4x10-8 N respectively[16]. Thus, all the measurements made could be assumed 
to be in the plastic region. Thornton [27] subtracted the yield stress from the hertz 
pressure and obtained post-yield P-δ relation using the following procedure. 
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Where eP  is the elastic Hertz force from Equation(7) Substituting for pressure from 
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  (19) 
Where ya is the plastic contact radius, yP is the plastic contact force and pa  is the 
contact radius over which uniform pressure is assumed.  
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Figure 4-3. Normal traction distribution in Thornton Model adopted from [27]. 
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  (22) 
Substituting (22) in(19), and substituting for the contact radius, the post-yield P-δ is 
given by  
 ( )y yP P YR       (23)  
The response predicted by Thornton model is shown along with the other contact 
models in Figure 4-4. Though the magnitude of the predicted forces was comparable 
in value to the observed experimental values, Thornton model predicts a linear P-δ 
response, which does not match the observed response. Thus, development of new 
material model for the FAB is justified. In the next section, an analytical approach is 








4.5 Constitutive Modeling 
In the analytical approach, a constitutive model that allows one to express stress 
as a function of strain is first chosen. The relationship is substituted in lieu of the 
material parameter in one of the contact laws, so that the law is modified to 'fit' the 
observed response in the experiments.  
A Ramberg-Osgood Law [28] type relationship was first attempted to express the 
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In the above equation,   and   are the stress and strain along axis of 
compression, y is the yield strength, and E is the Young’s modulus. In the case of 
large deformation, that too for material like copper [28], the elastic part of the 
equation can be removed, thus, a direct stress strain relation of the following form is 
achieved.  
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By replacing Young's modulus by Secant modulus and substituting the above 
relation in (23) 
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  (28) 
The above form of force is equated with the experimental curves to obtain the 
value of the strain-hardening index. A non-linear regression analysis is done on the 
experimental plots to obtain values of K and n to fit the curve of the following form. 
 nP K   (29) 
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  , where D is the diameter of the FAB and equating the 
powers of   on both sides of the equation, we arrive at the following strain 
hardening index m for different rates as shown in Table 4-1 . 
 
Table 4-1. Strain hardening index m for different rates. 
V (mm/min) 0.002 0.01 0.1 6 
n 2.67 2.47 2.34 2.2 
m 0.33 0.23 0.17 0.10 
 
 
Figure 4-4. Hertz, Tatara and Thornton models fail to predict the behavior of FAB. A 


























As a characteristic of viscoplastic material, the stresses of the FAB increase with 
the increase in strain rate, for the same amount of strain. The compressive tests reveal 
a strain hardening effect. Strain hardening is not so pronounced as the experimental 
strain rates are increased, which could be noted by the increments in the value of m in 
Table 4-1.  
The concept of yield surface plays a pivotal role in plasticity. For a material such 
as copper, the concept of yield limit is no longer strictly applicable even in the 
absence of rate effects and the stress-strain curves contain no discernible elastic limits 
[28]. Thus, ‘unified’ models in which yield is a consequence of the constitutive law 







CHAPTER 5. UNIFIED VISCOPLASTIC MODEL 
5.1 Overview 
The theories of viscoplasticity describe the rate-dependent behavior of a material. 
Viscoplastic materials differ from rate-independent plasticity in one aspect, for same 
strain, the stress is higher for a higher strain rate. Viscoplastic behavior can be 
attributed to metals that show no discernible elastic limits or yield point, and show 
highly nonlinear, rate-dependent behavior especially at high temperatures. A brief 
review of viscoplastic materials are provided in this chapter and the appropriate 
model is chosen to characterize FAB behavior.  
 
5.2 A Review of Viscoplastic Models 
A sizable literature exists on viscoplastic laws, such as the models by Hart, Busso, 
Krempl, Anand, McDowell and Ishikawa. Most of these viscoplastic models arise 
from Kock's discussion about thermodynamics of slip [29]. The choice of model 
entirely depends upon the ability of the model to explain the observed set of material 
behavior. In both rate-independent plasticity and in viscoplasticity, the concept of 
yield surface plays a pivotal role [30]. Many models, like those of McDowell [31], 
[32] and Ishikawa [33] use the yield surface approach, and thus might not be suitable 
to characterize the FAB. For materials such as copper, the concept of yield limit is no 
longer strictly applicable even in the absence of rate effects and the stress-strain 
curves contain no discernable elastic limits [30]. Thus, a 'unified' viscoplastic model 
was chosen to characterize the behavior of copper FAB.  
In unified theories, yielding is not a separate criterion, but a consequence of 
constitutive law. Such theories are used to predict the monotonic, cyclic and creep 
behavior. Viscoplastic theories by Hart, Busso, Krempl, and Anand model fit this 







 The chosen model must be able to explain the material behavior at a wide 
variety of strain rates and temperatures.  
 Must have tractable number of state variables and material parameters.  
 The model must be able to predict the experimental behavior that was not 
used to calibrate the parameters.  
Hart [34] described relations between applied deviatoric stress, non-elastic strain 
rate and two state variables. One of the state variables is a scalar, *   and describes 
the isotropic strain hardening. The second state variable is a tensor a representing the 
history and magnitude of the stress. The equations of Hart have been presented below.  
The constraint equations in the model are  
   (31) 
 a f      (32) 
Where a  and f are the stress operatives in each branch. The relations between the 
tensors are given by  
 ( / )a aa a     (33) 
   (34) 
 ( / )a a      (35) 
 
Figure 5-1. Schematic representation of Hart’s model adopted from [34]. 
 
And scalar relations are given by  
   (36) 







   (38) 
 a a    (39) 
   (40) 
Thus, the parameters which have to be evaluated by experiments are 
, , , , ,M m f Q   and G. There are three functions to be evaluated by experiments, 
, *anda   . 
The difficulties with Hart's model are the following. The material parameters are 
to be determined by uniaxial loading and load relaxation tests are to be carried out as 
well. The model also requires tracking the history of these parameters. Given the 
geometry and size of the FAB, carrying out the tests to determine the parameters 
become difficult.  
In place of the Hart’s hardening parameter, Busso's constitutive model [34,35] has 
a back stress or internal stress B to capture the macroscopic kinematic hardening due 
to dislocation barriers, defined by the following relation  
   (41) 
Where h is the hardening modulus and r is the recovery coefficient .The expression 
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In this model, there are ten material parameters, five that are intrinsic properties 
of the material, including 0 - the yield stress at 0 K, 0F - activation energy at 0 K, G-
shear modulus, α-coefficient of thermal expansion and k -bulk modulus. The 
remaining five parameters are 0 -strain rate, p and q -exponents, h and r. This model 
does not serve the purpose since the many of these properties of the FAB are again to 
be determined by monotonic or cyclic tests. Krempl's theory [36–38] of 
viscoplasticity is the most complex of the theories discussed. The Viscoplasticity 
Based on Overflow (VBO) model, has three state variables and seventeen material 
parameters, which in turn vary with time, to be determined through similar tests as 







considerations the strains due to dislocations, however, it introduces a viscoplastic 
flow potential to arrive at the governing equations. 
 
5.3 Anand Model 
To explain the rate-dependent deformation of metals at high temperature Anand 
[40] proposed a viscoplastic model with a single internal variable and with nine 
material parameters . The model has been successfully applied to explain the behavior 
of solders [41] and hot working of many metals [42]. To determine these parameters, 
usually one would require steady state creep tests and tensile tests at different 
temperatures and strain rates, but the model's availability in commercial finite 
element packages allows us to do an inverse modeling to fit the parameters.   
Anand model has one scalar internal variable 's', which captures the 'averaged 
isotropic resistance' [40] to plastic flow due to strengthening mechanisms such as 
dislocation density and grain size effects [41].  
There are two governing equations in the model. The first is the plastic flow 
equation  
   (43) 
And the second is the evolution equation for the internal variable s 
   (44) 
   (45) 
Thus, there are nine material parameters to evaluate. A,Q/R,a,m,n,h0, sˆ ,  and s0. 
The stress along the axis of compression is denoted by . A is the pre-exponential 
factor. It is similar to the first order frequency-factor of Arrhenius type rate equation, 
representing a rate constant, having units of a strain rate. Q is the activation energy 
and R is the universal gas constant, the ratio Q/R is a single parameter. Parameter h0 is 







deformation resistance saturation value, s0 is its initial value, all with the units of 
stress. The rate sensitivity h0, *s and   are represented by a, n and m respectively.   
is a dimensionless stress multiplier. When the value of internal variable s reaches the 
saturation value *s , the evolution of the internal variable equation, Equation(44), is of 
no significance. Equation (43) then reduces to a Hyperbolic-Sine law, which is of the 
following form  
   (46) 
The procedure to fit Anand constants follow. First, the saturation value of the 
stress is to be deduced from the constant strain rate and temperature tests. Then, 
Parameters Q/R, A, m, sˆ /  and n through a nonlinear fitting method of the following 
of steady state creep results to the following  equation [41].  
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  (47) 
The individual parameters sˆ  and   are obtained by fitting   to the constraint that 
the value of constant c has to be less than one in Equation(49). 
The values of a, h0 and s0 are fit from the monotonic tests fitting the following 
relation. 
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  (48) 
Where 
   (49) 
 
5.4 Inverse Finite Element Model 
As established before, neither monotonic tensile tests nor steady state creep tests 
can be performed to obtain the parameters directly. However, Anand model is 
available in both major commercially available software, ABAQUS and ANSYS. 







tests, and the material parameters are iterated till P-δ curves obtained from FE model 
matches with the experimental results.  
In ANSYS, a quarter circle axisymmetric around Y-axis was constructed and 
meshed with PLANE182 elements. The tungsten carbide punch was modeled using 
rigid TARGE169 elements, and a single node-to-node connection was established as 
initial contact between the two parts. The circumference of this circle was populated 
with CONTA172 elements to simulate the evolving contact radius as the compression 
tests proceed. A constraint equation was prescribed in the Y-direction for all the 
nodes at Y=0, coupling them a master node N. This would satisfy two purposes. First, 
the displacement applied on node N is applied uniformly to all the nodes at Y=0. 
Second, it would avoid the procedure to sum the individual forces on each node at 
Y=0 to obtain the total force of the compression. The force at node N will be the 
required resultant force. Anand’s model is directly available as material option and 
could be invoked by the command TB,RATE,,,9,ANAND. The nine constants are 
then defined as per the documentation [43]. A uniform body temperature of 300 K is 
prescribed throughout the area. Displacement conditions were applied on node N and 
different time steps were specified in individual simulations to simulate tests at 
different strain rates.  
 
 
Figure 5-2. (a) Axisymmetric finite element model in ANSYS meshed with 
PLANE182 elements. TARGE169 and CONTA172 elements capture the behavior of 
rigid punch and evolving contact radius (b) Axisymmetric finite element model in 
ABAQUS meshed with CAX4 elements, RAX2  rigid elements serve as the punch 







In ABAQUS, a similar geometry was constructed axisymmetric about Y-axis and 
meshed with CAX4, axisymmetric, linear 4 node quadrilateral elements. RAX2, 
discrete axisymmetric, rigid link with a reference point in the middle was used to 
simulate the tungsten carbide punch. In ABAQUS, Anand model is directly available 
in version 6.14, and could be invoked by prescribing the user defined creep law, and 
changing the keyword USER to ANAND and including the constants in the two lines 
that follow as 
*CREEP, LAW=ANAND 
s0, Q/R ,A,  ,m ,h0, sˆ , n 
a 
A mention has to be made that the above-described form of Anand law is only a 
reduced form of the ‘modified’ version of Anand law, which will be described in 
detail in later sections, whilst deriving the temperature dependent material parameters.  
In earlier versions of ABAQUS, Anand law could be invoked by an in-built user 
subroutine, by editing the keywords in the following manner. The material is renamed 
as  
*MATERIAL, NAME=ABQ_CREEP_MOD_ANAND 
And the *CREEP keyword is editing as follows 
*CREEP, LAW=USER 
s0, Q/R, A, , m ,h0, sˆ , n 
a,T0 
Where T0 (0 K) is the reference temperature. This parameter is not required in 
version 6.14, since it is prescribed in the model definition. In earlier versions, the 




The temperature (300 K) is prescribed as a predefined field and surface-to-surface 
contact are defined in the initial step. The rigid surface serves as the master surface 
and the slave surface is the circumference of the circle. Displacement conditions were 







recording the resultant force history at the reference point of the rigid line. Different 
step times are prescribed during load step to simulate rate effects.  
During the compression test, the applied rate corresponds to the velocity of 
motion of the point on the spherical FAB in contact with the rigid punch. However, 
the displacement boundaries in the FE model are applied to an outermost node of the 
midline of the half-sphere in the FE model, thus the applied rate in the FE model is 
half the actual rate. To obtain actual displacement of the FAB, the displacement of 
node N was multiplied by two. This was later verified by constructing full-circle 
axisymmetric and 3D models, and the results were in agreement. The reduced model 
significantly reduces the time while performing material parameter optimization, 
which takes several hundred runs as described in later sections.  
The results obtained through ABAQUS and ANSYS were nearly identical, though 
the physical problem was modeled by different finite element approximations, contact 
definitions and enforcements, and boundary constraints. More than a verification, the 
model was reconstructed in ABAQUS because of the seamless integration of its FE 
module to the optimization tool, Isight. ANSYS workbench optimization does not 
have array capabilities at present time. Such a capability is required to extract an 
array of P-δ results from the FE simulation and to compare it with the array of 
experimental P-δ using definite objective to minimize the differences between them. 
 
5.5 Material Parameter Optimization 
Given that there are nine parameters that have to be iterated in order to arrive at 
the ‘optimal’ parameter set to describe the observed behavior, there is wide choice of 
parameter values that may non-uniquely lead to the observed behavior. Referring to 
Equations(43), (44) and (45) one can observe that these parameters influence the 
results in a nonlinear fashion, thus optimization to fit one parameter at a time is not 
feasible. Moreover, the material parameters have to describe experimental responses 
at all the strain rates and temperatures. Thus, an automated optimization procedure 
has to be constructed to determine the material constants.  
To formulate a successful optimization problem, the range of values for the 







parameters with the following two constraints. First, these parameters have to be 
physically feasible and must be permitted by the constitutive equations, for instance 
a>1. Second, the bounds must be able to explain the range of P-δ behavior observed 
at both low and intermediate strain rates. A robust initial point must also be specified 
for the optimization algorithm to achieve a faster convergence.   
To decide on the bounds of the material parameter, a set of parameters were 
obtained from literature. These Anand model material data have been derived for 
copper by Anand [44], and a sizable literature exists characterizing solder material 
using this law. Typical Sn-Ag solder alloy material parameters produce P-δ in the 
observed range of the FAB [40,44]. These parameters were taken as an initial guess, 
and were varied individually to arrive at the upper and lower bounds for the material 
parameters, constructing a design space of desirable parameter values, as shown in 
Table 5-1.  
The next step is to perform a series of sensitivity studies to understand the 
individual influences of each and every parameter. It was observed by varying each 
parameter that some influence the results drastically, while others do not play a 
noticeable role. More interesting is the fact that some of the parameters have a unique 
influence on a different segment of the P-δ curve. For instance, the value s0, the initial 
deformation resistance, has a significant control over the first 25% of the deformation 
curve. Higher the value of s0, higher was the ‘bump’ in the initial part of the P-δ 
curve. Similarly, ho values had a significant influence on the curvature of the P-δ 
curves. It was also observed that raising the value of ho beyond a value of 1500 MPa 
did not produce significant changes to the response. The dimensionless exponents 
have a significant impact on the magnitude of the forces, especially parameter n. It 
also had a significant influence on the magnitude of force values at different strain 
rates. Other parameters were generally influencing each other in a complex manner, 
and hence their effects could not be isolated. The influence of the explained 
parameters has been demonstrated in Figure 5-3, with each parameter variation 








Figure 5-3. Effect of parmeters s0,h0,Q/R  and n on the force displacement curves. 
Increasing s0 produces an initial bump in the curve. Raising h0  beyond 1500 MPa has 
no significance. Increasing Q/R and n values increase the magnitude of forces. 
 
The following steps involve choosing a parameter to be optimized and an 
appropriate algorithm for optimization. A potential objective function to minimize in 
this problem is the absolute area difference between the experimental and finite 
element P-δ curves. The second is to minimize sum of the square difference between 
the data points of the simulation and experimental P-δ curves. The choice of output 
function to minimize is now discussed. If the sum of squared difference between data 
points is chosen as the objective, then the differences between each and every data set 
for all the strain rate experiments have to be performed. Given the amount of 
experimental data, such an optimization problem might not be computationally 
inexpensive. Thus, the absolute area difference between the experimental and 
simulation curves was chosen as a parameter for optimization, though the sum of the 







need to perform interpolation of the forces at appropriate displacement data points 
where the forces are compared.  
For the optimization algorithm, there are different classes of optimization codes 
based on the purpose and nature of the problem. Optimization techniques are broadly 
classified into three, gradient technique, direct search techniques and random search 
techniques. The gradient techniques require the function to be continuous and are 
expected to have first derivatives. They usually perform an excellent local 
optimization. Direct search techniques are more useful when the nature of the 
objective function to be optimized is unknown. It gives perturbation around the initial 
design point and seeks a pattern around the point. Random search techniques aim to 
identify a global optimum point and thus would incur high computational cost when 
the number of design variables is high.  
Direct search methods are very useful in the case of engineering design, where the 
outputs might not be a algebraic functions of the input, and are  prone to  be non-
smooth based on how the inputs influence each other. This method does not require a 
gradient, and hence does not settle on the local minima, but it helps in exploring the 
design space constrained by the upper and lower bounds. Hooke-Jeeves algorithm 
was thus chosen. This algorithm is a direct pattern searching method [46] which 
varies one design variable at a time with a step size and studies the change in the 
output variable. Hooke-Jeeves algorithm has been successfully implemented in 
optimization problems where the nature of the function to be optimized is not known, 
and had been used to arrive at material parameters by several researchers [46–48] .  
The material parameters are to be calibrated with regards to three experimental 
strain rate data and the sufficiency of the obtained parameters are validated by its 
ability to predict the behavior under fourth strain rate, which was not used in the 
calibration. The upper and lower bounds of the design variables, which are the 
material parameter values, were deduced by sensitivity studies. The problem is a 
multi-objective, bound constrained optimization problem. It is multi-objective since 
three area differences between the curves of the experiment and simulation, for each 
strain rate, have to be minimized simultaneously. The flow diagram of the 







circuit per strain rate. There are three components in each branch. Each circuit 
receives the input from the optimization module.  
 
 
Figure 5-4. Automated procedure to arrive at the constitutive model parameters. 
Three out of four experimental data sets at different rates used for optimization. The 
optimization algorithm provides a set of parameters to each ring of the work-flow and 
area-difference between experiment and simulation P- δ are measured. The Hooke-








Figure 5-5. Nine parameters are provided as an input to finite element module and the 
data matching component returns two output functions, area difference between the 
curves and sum of squared differences. The area difference between simulation and 







Each branch of the simulation flow has an ABAQUS component, a calculator and 
a data-matching component, and is executed simultaneously for the same material 
parameter input. The optimization process begins when the optimization components 
provide an initial set of parameters to each flow. The ABAQUS components receive 
the material parameters from the optimization module and would run the FE model 
with the given set of material parameters. The role of the calculator component is sign 
reversal of the displacement, which it receives from the ABAQUS component. Data 
matching component performs the task of estimating the area difference and data 
interpolation between the experimental and simulation P-δ curves. The data-flow 
between each component is shown in Figure 5-5. The optimization was carried out for 
several hundred runs and the task was repeated around the converged values to seek 
further refinement of the material parameters. The parameters obtained through this 
method are shown in Table 5-2. The P-δ curve predicted by these parameters against 
one set of experimental values are shown in Figure 5-6. It could be verified that the 
parameters successfully predicted the experimental behavior at rate of 0.1 mm/min, 
which is the experimental data not used for calibration. 
Table 5-1. Upper and lower bounds set for the material parameter optimization based 
on sensitivity studies. 
Parameter Lower bound Initial Value Upper bound 
s0 8 9 12 
A 3E4 3E6 3E8 
sˆ  50 65 100 
Q/R 7000 8200 9000 
a 1 1.2 1.5 
m 0.2 0.5 1 
n 0.08 0.15 0.2 
  6 7 15 









Table 5-2. Optimized set of parameters to explain the behavior of FAB at low and 
intermediate strain rates. 
s0  (MPa) A (s
-1) sˆ  (MPa) Q/R (K) a m n   h0 (MPa) 
10.72 3E5 55 8000 1.32 0.6 0.1 8 1400 
 
 
Figure 5-6. Correlation between experimental data and plot produced by finite 
element analysis. Optimal parameter values in Table 5-2 successfully explained the 
behavior at all strain rates, including the data set which was not used for optimization 
(0.1 mm/min). 
 
Optimization runs were also performed with the experimental data from three 
lower loading rates, and were checked against the ability to predict the behavior at 6 
mm/min. The values obtained using this method are shown in Table 5-3 and the 






























Table 5-3. Table of optimized material parameters obtained using low strain rates. 
s0  (MPa) A (s
-1) sˆ  (MPa) Q/R (K) a m n   h0 (MPa) 
10.72 566312.5 55 7600 1.5 0.505 0.205 9.9 1500 
 
 
Figure 5-7. Correlation between experimental data and plot produced by finite 
element analysis. Optimal parameter values in Table 5-3 does not effectively capture 
the behavior at a high loading rate (6 mm/min) effectively. 
 
Since high strain rate behavior is of more interest during the wire bonding process, 
parameters shown in Table 5-2 which explain that behavior better, have been adopted 
hereafter. Though one set of parameters has been successfully used to represent the 
behavior at various strain rates, it is also essential that these parameters explain the 
behavior at different temperatures. To include the ability of the model to predict the 









5.6 Modified Anand Model 
Work by [49–51] has suggested that Anand model is not sufficient to cover the 
entire strain-rate and temperature dependent behavior of the solder material. Thus, a 
modified Anand model [53] is adopted to introduce additional parameters to account 
for the strain rate and temperature sensitivity.  The additional parameters in 
themselves are seldom of any physical significance, but are merely a mathematical 
manipulation of the pre-existing physical parameters so that it would explain the 
observed response better.  
In modified Anand model, two of the actual model parameters are expressed as a 
function of temperature and strain rate. The initial deformation resistance 0s  and the 
hardening coefficient h0 are expressed in the following manner.  
 
2
0 1 2 3s s s T s T     (50) 
   (51) 
Thus, there are additional six parameters that will allow us to fit the temperature 
dependent data. The functionality is available in ABAQUS/Standard and is defined in 
a similar fashion as the original Anand model, but the two lines following the 
keyword *CREEP are to read as follows 
s1, Q/R, A, , m ,A0, sˆ , n 
a, s2, s3, A1, A2, A3, A4 
T0, the reference temperature is an added parameter at the end of the second line 
for versions earlier than 6.14, as discussed in the earlier sections.  
To fit these parameters, a similar procedure outlined for the Anand model was 
used, and the equations (50) and (51) were provided as constraint equations so that 
the value of s0 and h0 are not altered or mildly altered, if at all. However, a simpler 
solution procedure is described in the following section, deducing parameters of 








5.7 Solution to Modified Anand Model as a System of Linear Equations 
It is established from the sensitivity studies that the parameter s0 only influences 
the initial part of the P-δ curve, causing a ' bump’ in the force value. Such a feature 
was not observed in the experimental response, and thus s0 was kept at a minimum. 
The influence of s0 was not strong in the high temperature tests. Raising the value of 
s0 as a function of temperature is thus not necessary, and thus s2 and s3 were set to a 
value of zero. Value of s1 is the same s0.  
The strain rate sensitivity of the experiments have been sufficiently captured by 
the values of h0 earlier, thus strain dependent coefficients 3A and 4A  are set to zero in 
Equation (51). Instead of optimizing for the remaining coefficients of h0 with an 
additional constraint equation, it was computationally efficient to optimize for three 
h0 values at three different temperatures individually, and solve Equation (51) as a 
system of linear equations with three unknowns for each temperature.  
The individual values for h0 were estimated as 800 Mpa and 600 Mpa at 348 K 
and 373 K respectively. At 300 K, the value of h0 was found as 1400 MPa in the 
previous section. The corresponding values of A0 , A1, and  A2  by solving Equation (51)
are shown in Table 5-4.  
These coefficients can then be used to predict experimental data at 323 K, which 
was previously not used for fitting. The model's ability to predict the behavior is 
demonstrated in Figure 5-8.  
 
Table 5-4. Modified Anand model parameters obtained as a solution to system of 
linear equations.  
A0 A1 A2 









Figure 5-8. Correlation between experimental data and plot produced by finite 
element analysis. The optimized parameters for modified Anand model successfully 
described the behavior at all strain rates and temperatures, including the data set that 
was not used during optimization (323 K). 
 
In summary, various viscoplastic models were discussed and an appropriate 
model was selected for the characterization of the free-air ball. An inverse finite 
element model was constructed and the influence of each Anand model parameter on 
the P-δ response was studied. An automated, bound constrained optimization problem 
was posed where the material parameters were iterated till the FE response matched 
the experimentally observed response at low and intermediate strain rates through a 
range of temperatures. In the subsequent chapter, these material models are used to 








CHAPTER 6. FINITE ELEMENT MODELING OF CU WIRE BONDING 
6.1 Overview 
In this chapter, an implicit finite element model of the wire bonding process is 
constructed in ABAQUS/Standard using the “*VISCO” step to accommodate 
transient response of the FAB with time-dependent material properties. The Anand 
constitutive model parameters estimated in the previous chapter are used to model the 
FAB during the wire bonding process. The procedure for the construction of the 
model are elaborated and different parameters of interest, such as deformation of the 
FAB, stresses in the bond pad, structure under pad (SUP), and contact parameters 
between the bond pad and the FAB are studied. These parameters are in turn 
compared with the explicit wire bonding model described in reference [2], which uses 
rate-dependent properties of bulk copper instead of experimentally characterized FAB 
properties. Two critical stages of wire bonding, namely, the impact and ultrasonic 
vibration stages, as well as the bonding of the FAB to the bond pad is simulated. This 
“macroscale” model provides critical stress locations on the die during wire bonding. 
The deformations are then transferred as boundary conditions for the local model.  
Relative to the attempts to simulate the process of gold wire bonding, the 
literature on simulating copper ultrasonic wire bonding is relatively few [11, 54]. 
Moreover, the existing simulations use rate dependent material properties of copper 
[2] that may not reflect the behavior of the FAB. As mentioned in the previous 
chapters, the behavior of the FAB can be significantly different, since they are formed 
by the process of electronic flame-off. FAB are softer than copper due to significant 
grain orientation changes during their formation [13]. Thus, using the experimentally 
measured characteristics of the FAB into models for the process of wire bonding is a 
significant step towards accurately predicting the deformation and risk of failure 







ABAQUS/Standard (i.e., the implicit version of the software) using the Anand model 
parameters for the FAB. Though an explicit finite element model is more appropriate 
to model the large deformation during the wire bonding process, given the short time 
duration of the bonding process, the Anand viscoplastic model is not readily usable 
with the explicit version of the ABAQUS finite element software at the current time. 
Different contact conditions adopted during the impact and the bonding of the FAB to 
the bond pad is elaborated. Solution methodologies to obtain a converged solution are 
discussed. Real phenomena such as pad splash and pad lift are captured by the finite 
element model and discussed.  
 
6.2 Wire Bonding Modeling Parameters 
The following bonding process parameters from reference [2] was used to 
construct the geometry of the finite element model. The parameters defined are 
shown in Figure 6-1 
 
Table 6-1. Dimensions used in finite element modeling [2]. 
Parameter Value 
Bond Pad Opening (BPO) 28 μm 
Bond Pad Thickness (BPT) 1 μm 
Mashed Ball Diameter (MBD) 27 μm 
Bonded Ball Height (BBH) 6 μm 
Wire Diameter (WD) 15 μm 
Hole Diameter (H) 19 μm 
Tip Diameter (T) 45 μm 
Chamfer Diameter (CD) 23 μm 
Inner Chamfer Angle (ICA) 90° 
Face Angle  (FA) 11° 









The FAB diameter for the process is given by the following empirical formula  
 
2 3 3 21.5 ( ) ( ) / 4 tan(0.5 ) 1.5 xFABD H H WD CD H CA MBD BBH       (52) 
The process is simulated using a finite element model containing three parts 
namely, the capillary, FAB and dies assembly, and that exploits half-symmetry. The 
capillary is represented by a rigid surface, extracted from the inner surfaces of the 
three dimensional capillary that smashes the FAB against the bond pad. A reference 
point is created on the rigid surface of the capillary and the boundary conditions for 
the impact and vibration stages are prescribed at this point.  This point also 
corresponds to the point of attachment of the horn in the bonding equipment, which 




Figure 6-1. Finite element model with dimensions. Parts with different material 









Figure 6-2. Capillary dimensions for the developed wire bond model. Inner surfaces 
of this part are modeled as a rigid surface. 
 
Using Equation  (52) , the dimension of the FAB for the given configuration is 
calculated as 21.7 μm. An initial node to node contact is established between the FAB 
and bond pad and small initial clearance is maintained between the FAB and the 
capillary.  
 
6.3 Material Properties and Meshing 
Given the high temperature and strain rates at which the bonding process is 
carried out, appropriate strain rate dependent material models must be used in order to 
capture the magnitude of stresses accurately in the simulation. For the Cu FAB, 
Anand viscoplastic model with the parameters extracted in the previous chapter was 
used. The bond pad is made of aluminum and elasto-plastic material models from 
reference [2] was used for this material. ILD layer of the die stack includes different 
materials in addition to the copper signal lines and vias. But at the macroscale, the 
ILD stack is modeled as a homogenized layer with averaged material properties. The 
details of the ILD stack structure is included while simulating fracture in the ‘local’ 
model. Elastic constitutive models have been used to represent the brittle dielectric 








Table 6-2. Material properties used in finite element analysis [2]. 











Pad Aluminum 61 0.3 218 100 
Die Silicon 130.5 0.28 - - 
ILD Homogenized 81 0.26 - - 
Passivation SiO2 73 0.17 - - 
 
Partitions were created on the geometry to create a mesh with hexagonal elements. 
The FAB and the die pad assembly were meshed using C3D8R, 8-noded linear brick 
element with reduced integration and hourglass control. The rigid capillary surface 
was meshed with rigid R3D4 bilinear rigid quadrilateral elements.  
 
6.4 Boundary Conditions 
The model requires step dependent boundary conditions. The model has two kinds 
of elements, solid elements and shell elements. Solid elements have three 
translational degrees of freedom, whereas shell elements have three additional 
rotational degrees of freedom. The displacements along the X, Y and Z directions are 
denoted here as U1, U2 and U3 respectively.  The boundary conditions that are 
common to both impact and ultrasonic excitation stages are applied at the initial step. 
In this step, symmetry conditions are prescribed on the faces of FAB and the die 
assembly shown in the Figure 6-3, and the U3 degrees of freedom of the bottom face 
of the die assembly is fixed. On the faces orthogonal to this bottom face the U1 and 
U2 degrees of freedom are arrested.  A bond temperature of 473 K is applied to the 
FAB and the die assembly as a predefined temperature field in the initial step. These 
boundary conditions and temperature are automatically propagated through the rest of 








Figure 6-3. A meshed finite element model indicating the boundary conditions and 
contact definitions at initial, impact and ultrasonic vibration stages. 
 
The impact step follows the initial step. A displacement condition U3 of 10 μm 
was applied on the rigid point of the capillary, and the step lasted for a period of 1 μs, 
simulating an impact velocity of 10 m/s. The remaining five degrees of freedom of 
the rigid point were arrested. The central axis of the FAB was constrained along the 
U1 and U2 directions. Following the impact step was the ultrasonic vibration step, 
where the boundary conditions applied during the impact stage were disabled. A 
displacement U1 of 1 μm was applied on the rigid point during the ultrasonic 
vibration step, with a frequency of 100 kHz, for a step time of 1 μs, and the rigid 
point was constrained in all the other degrees of freedom.  
 
6.5 Contact Definitions 
To study the interaction between the capillary surface, FAB and bond pad, step-
dependent contact formulation, discretization and enforcement were defined. A finite 
sliding contact formulation was adopted for all the surfaces, with surface to surface 
contact discretization. In such a discretization, the contact is enforced over the slave 
surface in an average sense, and is helpful in reducing nodal penetration of the rigid 







During both the stages, a “hard” contact surface interaction behavior without 
separation was used to define contact between all the surfaces in the normal contact 
direction. A direct enforcement of such a contact was adopted. Such an enforcement 
depends on pressure-penetration curve, where, as soon as the contact is established, 
the pressure “strictly” rises to the contact pressure through Lagrange multipliers [55]. 
In the tangential direction, frictionless contact was assumed at the impact stage, since 
a friction coefficient results in non-symmetrical stiffness matrices, which are 
computationally expensive to solve, especially because of the viscoplastic behavior of 
the FAB.  
During the ultrasonic bonding stage, however, frictional properties are necessary 
to simulate bonding between FAB and the bond pad in the die assembly. Thus, the 
friction between FAB and bond pad was modified to “rough friction” in this stage. It 
corresponds to an infinite coefficient of friction enforced using the Lagrange 
multiplier method described earlier. In such a contact, no slip is allowed between the 
nodes, and they remain bonded as soon as they come in contact. Such a condition is 
often used with no-separation normal contact to avoid convergence issues. The 
bonded condition would simulate a conformal deformation of the FAB and bond pad, 
and would represent the most severe deformation that would occur during wire 
bonding.  The option of “Discontinuous Analysis” was enabled in order to increase 
the number of equilibrium and severe discontinuity iterations and to avoid any 
premature cut-back in increments of time.  
 
6.6 Results and Discussion 
6.6.1 FAB Deformation  
The Cu FAB is collapsed on the bond pad by the downward motion of the 
capillary. Plots shown in this section correspond to the end of impact stage and at the 
peak amplitudes of ultrasonic excitation. The Von Mises stress contours are shown in 
Figure 6-4 (a) and (b). The contact pressure between the FAB and the capillary is the 
major cause of these stresses. The stress value is approximately the same around the 
contact area during both the stages and the high stress area gradually migrates 







was noted in the  FAB, which is 35% higher than that of Au FAB on Aluminum pad 
as described in reference [56]. It can also be observed that during the ultrasonic stage, 
the bond pad undergoes conformal deformation along with the FAB. 
6.6.2 Pad Splash  
When the ball is impacted and bonded on to the pad, the pad is gradually pushed 
out from the bonding zone. This phenomenon is referred to as pad splash and was 
captured in the simulation. The pad splash (described by the contours of U1) at the 
end of impact stage and peak excitations of vibration stages are shown in Figure 6-6.  
 
 
Figure 6-4. (a) Mises stress at the end of impact stage (b) Mises stress at the first peak 
excitation of ultrasonic stage. 
 










Figure 6-6. Pad splash captured at the end of (a) Impact stage (b) First peak excitation 
of ultrasonic stage (c) Second peak excitation of ultrasonic stage. 
 
 
Figure 6-7. Al pad splash after ultrasonic bonding [11]. 
 
6.6.3 Evolution of Contact Pressure at Bond Pad-FAB Interface  
The contour of contact pressure at different time steps, T, is shown in Figure 6-8. 
During the initial steps, the contact pressure decays from the center to the contact 
periphery similar to the pressure profile assumed in Hertz contact, as discussed in 
Chapter 4. However, as the contact area increases, the contact pressure concentrates 
towards the periphery, forming a ring of high pressure distribution. Such a behavior 
can be attributed to the non-uniform pressure distribution occurring due to the 









Figure 6-8. Contact pressure at the interface between FAB and the bond pad during 
impact stage at time steps (a) T=5E-8 s (b) T=2E-7 s (c) T=8E-7 s (d) 1E-6 s. 
 
During the ultrasonic stages, the contact pressure is initially high at the start of the 
bonding, but as the bonding area increases, it evenly distributes itself as shown by the 
contour plot at different time steps t, in Figure 6-9.  
 
Figure 6-9. Contact pressure at the interface between FAB and the bond pad during 








6.6.4 Stresses in Structure under Pad 
The Structure under pad (SUP) is the section of the ILD that lies directly 
underneath the bond pad of the dielectric assembly. The Z-direction sress, referred 
hereon as S33, is often the main driving force for ILD fracture [15,53]. Thus the 
stresses in the direction of impact are studied in the SUP, and are compared with the 
results obtained in reference [2] using rate dependent properties of bulk copper. The 
contour of S33 at the end of impact step is shown in Figure 6-10 (a) and (b). It can be 
concluded that the viscoplastic behavior of FAB developed in the present study 
predicts a lower value of stresses in the SUP. Consequently, the deformations are 
smaller in comparison, and these deformations are to be provided as boundary 
conditions for the ‘local’ isogeometric model.  
 
 
Figure 6-10. The stresses in the Z-direction on the ILD compared between (a) 
Material properties used in reference [2] (b) Viscoplastic material properties 
characterized in this study. 
 
6.6.5 Pad Lift-off  
At the peak excitations of the ultrasonic stages occurring at t=2.5 E-7 s and t=7.5 
E-7 s, the bond pad undergoes conformal deformation but tries to fracture the SUP, 
by exerting tensile forces on it. This phenomenon is termed as ‘pad lift-off’ and has 










Figure 6-11. The stresses in the Z-direction on the ILD at (a) First peak excitation of 
the ultrasonic stage (b) Second peak excitation of the ultrasonic stage. 
 
In summary, an implicit model of the wire bonding process was constructed, 
incorporating the modified Anand model parameters, which were obtained in the 
previous chapter. A half-symmetry finite element model was constructed to model 
two severe stages of the wire bonding process, the impact stage and the ultrasonic 
excitation stage. The ‘macroscale’ modeling of the multi-modeling step was helpful 
in describing stresses in the SUP, contact pressure on the pad, and bonding of FAB to 
the bond pad. It was concluded that using the constitutive behavior measured from 
FAB yields lower stress and deformation values than when using elasto-plastic 
properties of bulk copper. The deformations of the SUP from this stage are provided 
as an input for the local, isogeometric model, which helps in understanding the sites 








CHAPTER 7. SIMULATIONS OF FRACTURE IN ILD STACKS  
7.1 Overview 
The mechanical integrity of the ILD stacks is an important reliability 
consideration, especially for the porous low-k and ULK dies. In such dies, fracture is 
a risk, not only at the interfaces of the dielectric, but within the bulk dielectric 
material as well. Driving forces of such fractures have been attributed to many factors, 
such as, forces involved in wire bonding, stresses during fabrication, mismatch in 
coefficient of thermal expansion, etc. The main challenge to simulating such failures 
is the availability of a computationally effective framework that is capable of 
nucleating and propagating the cracks [17]. Though studies exist in literature 
involving the use of cohesive zone elements to propagate the crack, such a procedure 
usually requires one to populate the potential crack path with CZM elements, and thus 
assume crack paths apriori. References [57–59] have studied crack propagation paths 
based on methodologies such as XFEM, however, studies that identify the potential 
points of crack nucleation are uncommon. Such simulations are essential for the 
development of crack arrest features in dies [1]. 
 One of the major pitfalls of Linear Elastic Fracture Mechanics (LEFM) is the 
inability to predict crack nucleation. LEFM assumes the presence of a pre-existing 
crack of a finite length. To overcome this limitation, a cohesive damage description 
and a novel simulation methodology based on isogeometric approximation [18] is 
adopted in this chapter. An accumulated damage parameter is calculated and is used 
to analyze the risk of fracture in ULK dies. Using this tool, two objectives of interest, 
the potential sites of crack nucleation and the likely paths of crack propagation are 








7.2 Modeling Methodologies 
To simulate the nucleation of crack, isogeometric enriched field approximations 
are used. Geometrically speaking, cracks and interfaces are lower-dimensional 
features in comparison with the two dimensional or three dimensional structure in 
which they are present [18]. On these lower-dimensional features, two kinds of 
discontinuities exist. The first is the material discontinuity across such features, as 
encountered during the problem of material phase evolution. The second is the 
discontinuity in behavior such as a jump in the displacement across a crack.  The 
methodologies available to capture the behavior of such interfaces can be classified 
into two, geometrically speaking. First, are the explicit schemes in which the lower-
order features have geometric properties such as the existence of normals or 
curvatures [18]. Implicit schemes are those in which such geometric properties of the 
interfaces are not directly computable. Now, based on behavior, two possible 
classifications of the interface are possible. In behaviorally explicit methodologies, 
the interfaces are represented as an internal boundary that requires a discretization of 
the domain to conform to the crack or the interface. In behaviorally implicit schemes, 
the approximations of the interfaces are used to enrich the underlying geometry.  
Finite element method (FEM) is a geometrically and behaviorally explicit scheme 
in which the mesh conforms to representation of the interface. However, as the 
interface evolves, re-meshing is required. Refining the mesh near the interface makes 
the technique computationally expensive. The accuracy of the solution is also largely 
dependent on the refinement of the mesh and thus is an important limitation of the 
method.  
There also exist schemes that use a geometrically implicit, but behaviorally 
explicit strategy.  In this methodology, an assumption is made that the behavior of the 
interface is known beforehand. Methodologies such as PUFEM [60,61] use the prior 
knowledge of the interfacial behavior to enrich the behavior of the underlying domain. 
This method was later combined with FEM by references [62,63], where additional 
degrees of freedom were added to the nodes to represent the known local behavior at 
the interfaces. The eXtended finite element methods (XFEM) proposed in reference 







independent of the underlying mesh. A Heaviside step function is used to model the 
displacement jump across the crack. One disadvantage of the method is the need for 
tracking of the nodes influenced by the crack. Recently, implicitized level-sets are 
used together with the XFEM method to eliminate the crack-mesh interaction 
problem [64]. However, the introduction of the level sets increases the degrees of 
freedom and the tracking of level sets further increases the computational cost [18]. 
 
7.3 Approximations of Geometry and Behavior 
 In the present study, a geometrically explicit and behaviorally implicit 
methodology developed by Tambat and Subbarayan [18] was adopted to simulate the 
damage of ILD stacks. The advantage of the method is the ability to maintain the 
geometric exactness of the stacks, and the ability to enrich the underlying domain 
with behavior on interfaces that are as low as 10 nm thick. For a mesh to span micro 
meter to nano meter length scales would be computationally expensive.  
In this methodology, the ILD stacks are constructed as a global approximation 
where primitive geometries are hierarchically composed to form a complex geometry 
as shown in Figure 7-1[1] .  
The geometric domain and behavior field are represented by the parametric 
mapping defined as ( , , )V x     and ( , , )f u    . The lower-order enriching 
geometry and field are defined as ( , )C s t  and ( , )f s t  respectively.  In the above 
representations,   represents the geometric domain and   represents the boundary. 










Figure 7-1. Construction of the approximation by composing lower order 
primitives[1]. 
 
The hierarchical composition can be mathematically represented as [1] 
 ( ) ( ( , , )) ( ( , ))
e ef x w f x w f x s t          (53)  
Where w is a weight function. The weight functions must obey the partition of 




    (54) 
The weight filed are constructed as a field whose influence decays monotonically 
as distance from the enriching geometry increases. Here, a monotoically decaying 
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  (55) 
In the spirit of isogeometric analysis, all the aforementioned approximations are 








7.4 Damage Modeling in ILD stacks 
As discussed earlier, the interfaces of the ILD stacks are of nanometers in scale. 
These interfaces as modeled as material enrichments. The material property of the 




inE w E w E      (56) 
In the above equation, E is the enriched elastic modulus, 0E  is the modulus of the 
underlying domain,  inE   is the modulus of the interface, and 
ew  is the monotonically 
decaying weight field as shown in Equation(55).  
 In the enrichment carried out here, the crack was modeled as a discontinuity. 
However, this assumes the pre-existence of the crack similar to LEFM. Thus, to study 
the nucleation of cracks, the underlying material modulus was enriched with a 
damage law as shown below:  
 0 0(1 ) (1 )E
e eE w E w D       (57) 
D is the damage parameter which varies from 0 in an undamaged state to 1. When 
the material modulus reduces to zero and it can no longer support a load. This could 
be seen as a special case of Equation (56) where the enriched material modulus of the 















Figure 7-2. Elastic modulus ‘decays’ on increase in damage parameter [1]. 
 








Where G is the energy release rate and c  is the cohesive energy density, which is 
the area under the cohesive curve. Theoretically, this energy density is the same as 
interfacial fracture toughness. The influence of damage parameter on the elastic 
modulus is shown in Figure 7-2 [1]. In cohesive models, there is a cohesive zone 
ahead of the crack tip, where the two separate cohesive surfaces are held together by 
the cohesive traction. The separation of the surfaces result in crack propagation, and 
happens at a critical value of separation displacement at the tail end of the cohesive 



















  (59) 
In the above relation, c  is the peak or critical traction and c  is the characteristic 
displacement. Function f describes the shape of the cohesion separation law. There 
exist several choices of this function in the literature, such as, a linear softening 
model, bilinear model, trapezoidal model, Dugdale model and exponential model. 
Trapezoidal model is quite popular, since bilinear model, Dugdale model and the 
linear softening model are often a special case of the trapezoidal model.  These are 
demonstrated in Figure 7-3.  
 
 
Figure 7-3. (a) Dugdale model(b) Linear cohesive model (c) Trapezoidal model (d) 
Exponential model [65]. 
 
In the present study, a bilinear cohesive model was used in the simulation 
framework. The bilinear model could be obtained from trapezoidal law when  
1 2 0    . The damage initiation begins when 0  . The cohesive energy density 










c c c     (60) 
 
 




In the global wire bonding model, the ILD layer material properties were 
homogenized due the three orders difference in the length scale between that of the 
interfaces and the overall structure. The ‘macroscale’ global model provided the 
boundary conditions of the ‘local’ isogeometric model. The local model of the ILD 
stacks is two dimensional and under the assumption of plane strain conditions. 
Realistic features such as copper lines and vias have also been included in the local 
model. The configuration of ILD stacks discussed in reference [1] has been used for 
the analysis of the wire bonding process. The ILD stacks modeled here are composed 
of eight metallized layers, denoted by M1-M8. Three different dielectric materials are 












low-k material and M1-M2 layers are composed of SiCOH. Levels M3-M8 contain 
34% copper. Material properties from reference [1] were used. Due to very small 
length scales, the layers M1-M2 were replaced by volume averaged material 
properties. Material interfaces between the metallized layers were modeled with the 
properties of etch stop layer made of Sic and barrier layers of Ta.  
 
 
Figure 7-5. A schematic of the analyzed Structure under Pad. The model includes 
material heterogeneities and features such as etch stops and copper vias [1]. 
 
7.6 Boundary Conditions 
The critical out-of-plane stresses in the Z-direction was established to be the main 
driving force for crack nucleation and propagation, as mentioned in the earlier chapter. 
The deformations U1 and U3 along the four edges of the SUP were converted into 
appropriate boundary conditions for the local model using spline interpolation 
functions. The deformations of SUP during the critical stages are shown below in 









Figure 7-6. Displacements at the end of impact step, T=1E-6 s. 
 
Figure 7-7. Displacements at the first peak excitation of ultrasonic vibration stage, 
t=2.5 E-7 s. 
 
These deformations were converted to traction boundary condition for the top 
face of the local ILD stack model, and as displacement boundary conditions for the 
other three faces using a spline interpolation function.   
 
7.7 Results and Discussion 
The impact and ultrasonic vibration stages were analyzed individually to study the 
severity of each stage. During the impact stage, the damage is seen to propagate along 
the vertical interfaces as shown in the Figure 7-8. The maximum value of 
accumulated damage parameter is 0.1 at the Cu, Ta and ILD-ULK tri-material 
junctions. During the peak excitation of ultrasonic stage, the horizontal interfaces of 
M3 and M5 layers were under the risk of delamination as shown in Figure 7-9 and 
Figure 7-10. These are the interfaces of ILD-ULK material. The maximum 









respectively, during the ultrasonic vibration stage. Thus, it can be concluded that the 
ultrasonic stage is more severe of the two stages, under given local boundary 
conditions. The tri-material junctions were the most susceptible to damage.  
 
 
Figure 7-8. Damage accumulated during the end of impact stage, time T=1 E-6 s. 
 
 
Figure 7-9. Damage accumulated during first peak excitation of ultrasonic stage,  









Figure 7-10. Damage accumulated during second peak excitation of ultrasonic stage, 
t=7.5 E-7 s. 
 
In summary, the limitations of LEFM were discussed, and the theory of enriching 
the modulus of the underlying material with the cohesive damage law was adopted to 
simulate crack nucleation as well as crack propagation. Using this simulation 
framework, the risk of fracture in ULK dies during wire bonding was modeled. The 
deformations from the global wire bonding model were transferred to the local model 
as traction boundary conditions on the top face and displacement boundary conditions 
on the other three faces using spline interpolation functions. The damage 
accumulation for the critical steps in wire bonding was studied, and the tri-material 
corner junctions were found to be most susceptible to damage. Other potential sites 
included the interfaces of the ULK material.  It was also concluded that, of the two 







CHAPTER 8. CONCLUSIONS  
8.1 Contributions  
 In this thesis, a multi-scale modeling technique for simulations of fracture in ILD 
stacks during wire bonding has been proposed. The properties of the Cu free-air ball, 
which were earlier missing in literature, have been characterized using a custom-built 
microtester. The microtester contained three linear stages, a tilt stage, two load cells, 
capacitive stage, Peltier thermocouple and its power source, and a high working-
depth lens camera system. Using such an apparatus the micron-scaled FAB of 
spherical shape was compressed, while enabling a closed loop control using a 
LabVIEW interface. Compression tests were done at low and intermediate strain rates 
and at different temperatures. At higher strain rates, it was observed that the forces 
required to produce the same strain were higher. Thus, a strain hardening effect was 
deduced. At higher temperatures, the forces required to produce the same amount of 
strain lowered. Higher temperatures decreased the stiffness of the FAB. These 
properties were a key component, given the high temperature and high strain rates at 
which wire bonding processes take place.  
Using the properties of copper, elastic contact theories such as Hertz model and 
Tatara model, and plastic contact theories such as Thornton model were applied to 
deduce if the theoretical predictions match the observed experimental response, in the 
absence of which, an analytical method to derive the strain hardening index by 
substituting Ramberg-Osgood type relation in the contact theories was proposed. The 
strain-hardening index concluded that the effect of strain hardening gradually reduced 
at higher strain rates. 
A ‘unified’ viscoplastic model was adopted to characterize the material at all 
strain rates and temperatures. Anand model was chosen for this purpose, having one 







of the FAB, an inverse procedure was adopted to characterize the material properties. 
A design space was constructed with an upper and lower limit for each of these 
variables, and a pattern search optimization algorithm was used to arrive at a set of 
physically feasible parameters which would explain the observed response at various 
strain rates. A modified version of Anand model was then enforced to include 
temperature dependent behavior of the Cu FAB.  
Having deduced the material properties of the Cu FAB, a ‘global’ implicit model 
of the wire bonding process was constructed. Two of the most severe stages of the 
wire bonding process, the impact stage and the ultrasonic vibration stage with 
bonding were simulated. In the impact stage, the FAB was collapsed on the bond pad 
by a downward motion of capillary, with a velocity of 10 m/s. An ultrasonic 
displacement of amplitude 1 μm was then applied at a frequency of 100 kHz, for a 
time period of 1 μs. Important parameters such as contact pressure between FAB and 
bond pad, and deformation of the FAB, bond pad and the ILD were studied.  
The deformations of the edges of SUP in the ‘global’ finite element model were 
provided as input to the ‘local’ isogeometric model of the ILD. This constitutes the 
final step of muti-scale modeling. The model predicted potential crack initiation sites, 
and crack propagation path using a damage accumulation parameter. It was concluded 
that, of the two steps of wire bonding, ultrasonic step causes greater damage.  
 
8.2 Future Work 
The multi-scale simulation frame work is an essential step towards the design of 
crack arrest features in the chips.
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